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SUMLVIARY
Over the past three years we have focused our research efforts on the study of the properties of the suprachiasmatic nucleus (SCN) of the tau mutant hamster. In general we have sought to understand how this mutation, which changes the period of circadian rhythmicity from about 24 hours in wild-type animals to near 20 hours in homozygous mutants, affects the SCN itself and how it affects the locomotor behavior which is driven by the SCN. Specifically we have used SCN lesions, which abolish behavioral rhythmicity, followed by transplantation of fetal or neonatal donor SCN, which restores rhythmicity, to ask which components of rhythmic behavior are intrinsic to the SCN and which may depend on its interaction with other structures.
We have also studied the free running locomotor rhythms of mutant and wild-type hamsters and compared their responses to constant darkness, constant light and to phase shifting light pulses as a first step toward discovering whether the profound differences that exist in the parameters can all be accounted for by changes in the SCN.
STATEMENT OF WORK
We will investigate the hypothesis that the mammalian suprachiasmatic nucleus contains the primary driving oscillators in the circadian system by ascertaining whether it is responsible for controlling the period and phase of the overt rhythm of locomotor activity.
We will:
1. 5. Describe the effects of the tau mutation on circadian behavior in constant darkness, constant light and in response to phase shifting light pulses. The data generated in this way will be used to build a formal model of the circadian system as modified by the mutation which will hopefully provide insight into the organization of the system in its unmodified forms as well.
RESULTS

TRANSPLANTS BETWEEN GENETICALLY DIFFERENT HOSTS AND DONORS
Small neural grafts from the SCN region of the hypothalamus restored circadian rhythm to arrhythmic animals whose own nucleus had been ablated. The restored rhythms always exhibited the period of the donor genotype regardless of the "direction" of the transplant or the genotype of the host. The basic period of the circadian rhythm therefore is determined by cells of the suprachiasmatic region.
Ralph MR, Foster RG, Davis FC and Menaker M (1990) Transplanted suprachiasmatic nucleus determines circadian period. Science 247:975-978.
TRANSPLANTATION OF PHASE
We were not able to transplant the phase of the donor's circadian rhythm, however, our results are intriguing. Although not related to the phase of the donor mother's light cycle or to the phase of the surgery itself, the phases of the restored rhythms were not randomly distributed in time. The phases of the rhythms restored by all the donor fetuses in a single litter were clustered (i.e. correlated with each other). One possible interpretation of this result is that at this early stage in development, although the SCN is already rhythmic, its phase is labile and in our experiments was shifted by variable amounts as a result of some poorly controlled aspect of the transplantation procedure. Since we have discovered that successful transplants can be made with tissue from much older animals (as late as postnatal day 12) we are going to try this experiment again using older donors.
TRANSPLANTS INTO PARTIALLY LESIONED HOSTS OF DIFFERENT GENOTYPE (TEMPORAL CIMERAS)
It has been shown previously that a transplant of fetal hypothalamic tissue containing the suprachiasmatic nuclei to a host rendered arrhythmic by a complete lesion of the suprachiasmatic nuclei restores rhythmicity with the freerunning period that is normally expressed by the donor genotype. We made partial lesions of the suprachiasmatic nuclei of wild-type hosts, which did not completely abolish their circadian rhythmicity, and then placed hypothalamic implants from homozygous mutant fetal donors into the lesion site. The resulting complex patterns of locomotor activity contain rhythmic components with periods of both host and donor circadian oscillators, and suggest the presence of both stimulatory and inhibitory inputs from the circadian system to the centers controlling locomotor behavior. We have extended our transplant studies in order to evaluate the age range of donor tissue that can be used for transplantation. SCN of hamsters from embryonic day 11 through postnatal day 12 can serve as functional grafts to restore rhythmicity to arrhythmic SCN lesioned animals.
The time between SCN transplantation and onset of rhythmicity does not depend on the age of the donor. The phenotype by means of which the tau mutation in golden hamsters was initially recognized and analyzed genetically was short period length---22 h in heterozygous animals
and -20 h in homozygous ones, in contrast to --24 h in wild-types. The effect of the mutation in shortening circadian period is localized in the suprachiasmatic nucleus (SCN) and survives transplantation to SCN-lesioned hosts. Based on these observations and experiments we (and others) have conceived of and often referred to this mutation as a "short period" mutation (indeed, informally we refer to heterozygotes as "short" and homozygotes as "supershort" animals). Recent results from our laboratory suggest that this view may be 'versimplified and to some degree misleading. It may be more useful to think of the tau mutation as destabilizing the mechanism that normally maintains circadian period within narrow limits around 24 hours.
Under some--but not all--environmental conditions, this destabilization results in a shortening of circadian period.
Under some circumstances the circadian period of homozygous tau mutant hamsters can become much longer than 20 h. The most dramatic example that has yet occurred is shown in Figure 1 . The male hamster that produced this record was held in constant darkness (DD) for ,7-. Steroid hormones have previously been shown to have small effects on circadian period and activity pattern in rodents. These effects have been interpreted to result from differential effects of testicular hormones on the two oscillators, E and M, which may comprise the circadian pacemaker of rodents or from "slight changes in the phases of multiple oscillators regulating the locomotor rhythm." These interpretations are compatible with each other and with our own view that the tau mutation, by destabilizing the circadian system, renders it more susceptible to such influences (see below). Against this background it is not unreasonable to conclude that the very large period changes shown by the homozygous tau mutant hamster in Figure 1 , are at least in part the result of the changes in testosterone levels that accompany testis regression and recrudescence.
Q(p)
The tau mutation also affects the response of the hamsters circadian system to light pulses. Phase shifts produced by single 1 hour light pulses were compared in homozygous tau mutant and wild-type hamsters after several different kinds of pretreatment regimens. There was a dramatic increase in the magnitude of phase delays in mutants as they were kept for progressively longer times in constant darkness (DD) and a smaller increase in the magnitude of phase advances. Under the same conditions a small increase in the magnitude of phase delays and no significant increase in phase advances occurred in wild-type hamsters. After only 7 days in DD the phase response curves (PRC) of mutant and wild-type hamsters were both type 1 and were indistinguishable from each other whereas after 49 days in DD the PRC of mutant hamsters had become type 0.
Mutant hamsters were entrained to eight different T-cycles (one hour of light/cycle), released into DD and given a phase delaying light pulse 7 days later. T-cycles which entrained the animals so that the one hour of light fell between 6 and 9 hours after activity onset suppressed the amplitude of phase delays, while T-cycles which entrained the animals so that the one hour of light fell elsewhere did not suppress phase delays.
Prior environmental (light regimen) history clearly influences the magnitude of lightinduced phase shifts in both homozygous mutant and wild-type hamsters. The effects are larger in the delay than in the advance region of the PRC for both genotypes, and much larger in the delay region of the mutant PRC than in this reg'on of the wild-type PRC. What is it that produces these changes? Elsewhere we have argued that the coupling among components of the circadian system may be weakened by the tau mutation and that, as a result, phase relationships among oscillators may be altered. Alteration in the phase relationship between E (the oscillator that controls the evening bout of activity) and M (the oscillator that controls the morning bout)
has been invoked to explain changes in the activity/rest ratio (alp) and concomitant increases in PRC amplitude. It is therefore of interest to note that the progressive increase in the amplitude of phase delays produced by light pulses given at CT 14 that occurs with increasing time in DD is closely paralleled by an increase in the duration of a.
In spite of the fact that the changes are manifest when the animals are held for many days in constant darkness, they cannot be attributed to the absence of light per se, nor to the fact that the animals are free-running for many cycles. Both of these interpretations are excluded by the results of the T-cycle experiments in which all the experimental animals were exposed to one hour of light per cycle and all those used in the analysis were entrained, yet at the end of the experimental treatment, small phase shifts were shown by animals that had been held on T-cycles Phase response curves to single light pulses were originally sought as support for the analogy between circadian and physical oscillators and were then developed as a way of explaining entrainment to light:dark cycles. The now classic expression --T=A46 predicts the phase of steady-state entrainment (with reference to "the" PRC) as well as the range of periods to which entrainment is possible with great accuracy in some organisms (e.g., Drosophila) but with considerably less accuracy in others such as hamsters. Its efficacy is surely related directly to the degree to which particular species (and genetic variants within a species!) are subject to the kinds of after-effects that we have observed in exaggerated form in tau mutant hamsters.
As is particularly clear from our data, one must know in some detail how prior conditions have affected the PRC in order to use it to make quantitative predictions about entrainment. Of course, this is a practical rather than a conceptual limitation on the use of PRCs.
The PRCs of wild-type and tau mutant hamsters measured after 7 days in DD are virtually identical when plotted in circadian time. This fact leads to the conclusion that, whatever the mechanism by means cf which the tau mutation shortens circadian period, its effect is exerted uniformly throughout the circadian cycle. This is perhaps the most important result in the work reported here because it lays heavy constraints on both formal and cellular/molecular models of the tau gene's action. 
